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thick lithium passivating layer which has high resistance.
Also, above 10C°C the prior art PE's become soft and start to
flow.
These problems were addressed by changing the mechanism
5 for conduction of lithium ions, eliminating the non-compatible

iane_and unsing comoatible ions such as halide and adding an
inorganic filler as a reinforcing agen t.

Addition of Al,0; (2)(3) has improved the mechanical

strength of polymer electrolytes. However, the 1lithium
_fq Py HE Y N . e

patible with lithium ions, the salt concentration was too low
and the Al,0, particles were too large. Solid lithium iodide
(LiI) has good ionic conductivity and low electronic conduc-
tivity. Its lithium transference number is close to unity.

15 Conduction is accomplished through a lithium vacancy mechanism
(1). It was found that by mixing LiI and Al,0, powders and
pressing them into a pellet an order of magnitude is gained in
conductivity over pure LiI. This is due to the presence of
Al13* cations at the LiI interface which results in an increase

20 in the Li' vacancy concentration. The Li' conduction is car-
ried out in the LiI mainly at the LiI/Al,0; interface.
However, a LiI-Al,0; pressed pellet is very brittle and has
poor mechanical and shock properties. 1In practice thick pel-
lets are required to avoid these problems. This principle was

25 the basis for the solid state batteries used in low rate
medical applications.
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THIN COMPOSITE SOLID ELECTROLYTE FILM FOR LITHIUM BATTERIES
Filed August 20, 1993, as Serial Number 08/112,483, the
disclosure of which is expressly incorporated herein by
reference. The improved CSE has mechanical properties
superior to that of PEO/Lil and exhibits a Li' transport num-
per close to one which has never before been reported as
achieved in a CSE. This completely eliminates concentration
and polarization effects and enhances high rate and power
capability. The salt anion (I') is totally compatible with
lithium resulting in a stable system. Because of total com-
patibility and because of an improved 1lithium transport
mechanism, the interfacial Li/CSE resistance is lower by as
much as a factor of 10 when compared with the prior art
polymer electrolytes (PE) described above. The ionic conduc-
tivity of the CSE at 20-120°C is similar to or better than the
prior art PE's. The novel CSE will allow development of
lithium/TiS, (or other cathode) batteries with power densities
above 100W/Kg (pulse power capability of 1Kw/Kg) and specific
energy of 100Wh/Kg (based on full battery).

The conduction mechanism for the improved CSE is com-
pletely different from that occurring in polymer electrolytes.
The Li* conduction is primarily carried out in an inorganic
solid matrix rather than in a salt loaded organic polymer or
gel matrix. The improved CSE contains only anions such as
halide compatible with Li*. The Al,0; inorganic filler streng-
thens the CSE film and eliminates flow of the film at high
temperature.

In the improved CSE, compatible lithium halide is coated
as a thin film onto the surface of the reinforcing particles.
The particles are then bonded together with a polymer which
can be a polyelectrolyte such as PEO. The LiI retains the
vacancy conduction mechanism for Li* which is responsible for
the transference number near unity for lithium. The binder
polymer retains its flexibility. The polymer can function

solely as a binder with all conduction occurring in the solid
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LiI coated particles or if it is a polyelectrolyte, it can
serve as a so.id electrolyte providing ionic conductivity
between the solid particles dispersed in the polymer and bound
together by the polymer.

However, when the CSE film was cast from a mixture of
polymer such as polyethylene oxide, alumina and lithium iodide
from a polar solvent such as acetonitrile, the alumina tended
to agglomerate into small balls covered with the polymer. It
appears that PEO acts as a scavenger. The agglomerated film
was not uniform in composition or thickness. Only small areas

of the order of a few millimeters were uniform in composition.

Statement of the Invention

A method of forming large area, uniform, composite, solid
electrolyte films is provided by the invention. The film is
uniform over areas at least as large as 5 centimeters permit-
ting formation of films large enough to be useful as a solid
electrolyte in a lithium battery.

In the method of the invention, a second solvent which is
a solvent for the binder polymer and which has poor solubility
for the lithium salt at room temperature is added to the first
solvent. The first solvent is a cosolvent for the binder
polymer and the lithium salt. The binder polymer is believed
to partition between the two solvents preventing the polymer
from agglomerating the alumina filer particles as the film
sets during casting.

The first solvent is preferably an aprotic organic sol-
vent such as acetonitrile or propylene carbonate. The second
solvent can be a lower alkanol containing 1 to 10 carbon
atoms, preferably a branched chain alkanol containing 3-6
carbon atoms such as isopropyl alcohol. The two solvents are
utilized in about equal amounts by volume usually from 40% to
60% by volume of isopropyl alcohol (IPA), remainder being
acetonitrile (MeCN).

The two solvents can be added stepwise to the solution.
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10% can be used to form the CSE. Other polymers may optional-
ly be present. From O to 30% by weight of polymers such as
polypropylene, polyphosphazene, polysiloxane, polyurethane or
polyethylene may be mixed with the polyethylene oxide in order
to modify the physical and electrochemical performance of the
solid polyelectrolyte. The solid polyelectrolyte contains,
based on the oxygen content of the polyethylene oxide, from
1/1 to 100/1 of a lithium ion provided as a compatible salt
such as a lithium halide. The lithium salt is deposited on
small sized, inert, inorganic particles such as Al,0,. Usually
the ratio of O/Li is from 1/1 to 10/1. The lithium salt is
preferably lithium iodide.

The composite solid polyelectrolyte film nominally con-
tains from 4-20 percent by weight of inorganic filler par-
ticles, preferably from 6-15% filler, from 15-40% by weight of
a compatible lithium salt coated onto the particles and 0 to
10% by volume of plasticizer such as Triglyme.

A CSE was prepared by dissolving the lithium halide in a
solvent such as acetonitrile and decanted. Alumina is added
to the solution and the solution is stirred well. A further
quantity of solvent was added followed by the slow addition of
a binder resin. It was found that in the case of a
polyelectrolyte such as PEO, the PEO immediately agglomerates
the alumina into small balls covered with PEO. The PEO ap-
pears to act as a scavendger. The composition was not uniform.

In a modified procedure, isopropyl alcohol is added to
the acetonitrile solution containing the lithium salt before
the addition of PEO. This provides a uniform suspension of

alumina coated with the lithium salt.

EXAMPLE FOLLOWS3S:
Amounts of LiI, Al,0; and PEO (M.w.4x106) as shown in the

following tabls were separately weighed.
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Al203, Wt

LiI,

wtd

PEO, wt%

Triglyme, wt%

10

35

55

23

63

LiI was dissolved in 50ml of acetonitrile and the
solution decanted. Alumina (both 0.05 micron and 0.30 micron)
was added to the solution with stirring for 45 minutes. 80ml
of isopropyl alcohol (IPA) was added. The solution was again
stirred well. 120ml of acetonitrile was added to this suspen-
sion followed by another 80ml of TIPA. 1.6 grams of PEO
(M.W.4x10°%) was added slowly while the solution was being
vigorously stirred. A uniform suspension of lithium iodide
coated alumina particles was produced. The mixture was
stirred overnight to dissolve the PEO. The suspension was
then cast into films.

Thin filme of CSE prepared by the modified procedure were
subjected to a series of electrochemical measurements
including a-c and d-c measurements. Both a symmetrical cell
of the type Li/CSE/Li and an unsymmetrical cell of the type
Li/CSE/SS (stainless steel) were used for the electrochemical
characterization of the CSE films. With TiS, as the cathode
a small capacity cell was fabricated and charge/discharge
studies were made.

A further discovery of the invention is the influence of
the size of the inorganic particle on the electrical perfor-
mance of the electrolyte film. It has been found that
electrical performance of the CSE is significantly higher when
the filler particles are below 0.5 micron in size, preferably

from 0.01 to 0.1 micron in size.
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RESULTS AND DISCUSSION

A) BULK CONDUCTIVITY AND INTERFACIAL CHARGE TRANSFER RESIS-
TANCE: Both tre bulk conductivity (1/R,) and the interfacial
charge transfer resistance (R ) of the electrolyte (CSE) were
determined from the a-c measurements. The a-c measurements
were made in the frequency regime 100 KHz - 5 Hz. A typical
NyQuist plot is shown in Figures 1A and 1B for CSE films con-
taining 0.05 and 0.3 micron alumina, respectively. While the
high frequency intercept on the x-axis is the bulk resistance
of the electrolyte the corresponding low frequency intercept
gives the combination of the bulk resistance of the inter-
facial layer (present on the Li surface) and the charge
transfer resistance, which was defined earlier as R,. The CSE
film containing 0.3 micron Al,0; (Figure 1B) exhibits three
different regimes dominated by bulk processes at high frequen-
cies followed by charge transfer processes at medium frequen-
cies which in turn is followed by diffusional processes at low
frequencies. However, the CSE films with 0.05 micron Al,04
(Figure 1A) exhibits almost resistor like behavior where the
contribution from the charge transfer and diffusional proces-
ses are insignificant. The a-c characteristics of the CSE
films with 0.3 micron Al,0; is typical of systems where the
transport number of the reversible ion is very 1low. The
behavior of CSE films with 0.01 micron Al,0; is similar to that
of 0.05 micron Al,0; film.

In Figure 2 is a plot of the bulk conductivity of a CSE
containing 0.0% micron of Al,0, as a function of the reciprocal
temperature. The data indicate that while the CSE exhibits a
very modest conductivity below 79°C, above this temperature
the conductivity picks up. Further the temperature (79°C) at
which the break occurs is higher than for PEO without the
alumina. For PEO systems without alumina, the break in con-
ductivity occurs around 60°C. The interfacial charge transfer

resistance appears to be stable over a period of many days.
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B) TRANSPORT NUMBER

The transport numbers of the cation and anion represent
the ratio of the total current that will be carried by the
cations and an:ons respectively. The cation transport number
is close to un:.ty. 1In Table 1, electrochemical data are com-
pared with the data available in the literature for comparable
systems. The data indicate that not only is the transport
number higher nut the R, is lower for our system compared to

state-of-the-art CSE systems.

TABLE 1
Mat. Comp. Temp. °C | Film bulk tLit Interface
Cond. mho resistance
em? ohm cm?
(Li1),(PEO); 116 63107 0.8%0.05 2.5
(A120370.3 90 2x107 0.9%0.05 10
(LiD){(PEO)| 4o 103 107 1+0.05 25
(Al203)0.3¢
PRIOR ART
(PEO), Nal 120 3x10*
10% Al,04(3)
(PEO), LicCloO 118 103 0.22 25
10% Al,0,(2)
(PEO), s LiSCN 115 107" 0.5 72
(6a)

In Figure 3 a typical plot of creep % as a function of
time is shown for two different polymer electrolytes, one
containing alumina (CSE) and the other without. The results
indicate that the CSE of the invention is much more dimen-
sionally stable than the PEO/LiI electrolyte.

D) STUDIES ON Li/CSE/TiS, CELLS
A 10 mAh small capacity cell was made with TiS, as a
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cathode and d-c cyclic voltammetric measureme:ts were made as
a function of open circuit voltages (OCVS). In Figure 4 is
shown a typical d-c cyclic plot and in the same figure is
shown the peak splitting as a function of OCV. The well
defined cathodic and anodic peaks indicate that Li* moves in
and out of the TiS, cathode (the cell can be charged and dis-
charged). The peak splitting increases with decrease in OCV
of the cell which may be related to the increase in resistance
of TiS, with lithiation. In Figure S5A is shown the plot of
diffusion coefficient of Li* in TiS, as a function of OCV and
Figure 5B shows charge transfer resistance at the TiS,
electrode also as a function of O0CV,. while the R, varies
randomly with OCV the diffusion coefficient goes through a
maximum at around 50% state-of-charge. A similar observation
was made earlier for TiS, cathode with organic electrolytes.
In Figure 6 is shown the charge/discharge characteristics of
the above cell. The cell was discharged at C/20 and charged
at C/40 rates. Although the transport number for Li is close
to unity the charge/discharge rates are very low. One
explanation would be that the CSE bulk ionic conductivity is
still very low by an order of magnitude than the required
minimum of 103 S cm’'.
CONCLUSIONS

The method of the invention permits formation of uniform
films of CSE with excellent mechanical properties. The com-
posite solid electrolyte (CSE) prepared by the method of the
invention exhibits the highest transport number reported yet
for a polymeric electrolyte for Li*. The conductivity of the
CSE at 103°C is 10°* mho cm’'. Both the transport number and
jonic conductivity are influenced by the particle size of
alumina. Thernal creep measurement studies show that the CSE
is much more dimensionally stable than the PEO/Li1
electrolyte.

it is to be realized that only preferred embodiments of

the invention have been described and that numerous
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ABSTRACT

METHOD FOR FORMING
THIN COMPOSITE SOLID ELECTROLYTE
FILM FOR LITHIUM BATTERIES

A composite solid electrolyte film is formed by dissol-
ving a lithium salt such as lithium iodide in a mixture of a
first solvent which is a cosolvent for the lithium salt and a
binder polymer such as polyethylene oxide and a second solvent
which is a solvent for the binder polymer and has poor
solubility for the lithium salt. Reinforcing filler such as
alumina particles are then added to form a suspension followed
by the slow gddition of binder polymer. The binder polymer
does not agglomerate the alumina particles. The suspension is

cast into a uniform film.
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